Solid-state NMR spectra of new P-Se heterocycles based on peri-substituted naphthalene motifs show the presence of unusual J couplings between Se and P. These couplings are between atoms in adjacent molecules and occur "through space", rather than through conventional covalent bonds. Experimental measurements are supported by relativistic DFT calculations, which confirm the presence of couplings between non-bonded atoms, and provide information on the pathway of the interaction. This observation improves the understanding of J couplings and offers insight into the factors that affect crystal packing in solids, for future synthetic exploitation.
Supporting Information Placeholder
Solid-state NMR spectra of new P-Se heterocycles based on peri-substituted naphthalene motifs show the presence of unusual J couplings between Se and P. These couplings are between atoms in adjacent molecules and occur "through space", rather than through conventional covalent bonds. Experimental measurements are supported by relativistic DFT calculations, which confirm the presence of couplings between non-bonded atoms, and provide information on the pathway of the interaction. This observation improves the understanding of J couplings and offers insight into the factors that affect crystal packing in solids, for future synthetic exploitation.
Sulfur-and selenium-rich compounds are important in molecular materials since the large, polarizable atoms often support weak interatomic interactions that lead to unusual magnetic or electronic properties. [1] [2] [3] [4] The design of new molecular materials for such applications requires an understanding of weak bonding and repulsive interactions, and we (and others) have previously utilized 1,8 di-(i.e., peri-) substituted naphthalene (and acenaphthene) motifs to enable this study. [5] [6] [7] [8] [9] While bond lengths, molecular conformations and interatomic distances offer some information, these structural parameters are not very sensitive probes of electronic interactions. In contrast, NMR parameters are potentially more sensitive and reliable probes, with the indirect spin-spin (J) coupling in particular able to provide insight into chemical bonding. In addition, significant J couplings have been observed using solution-state NMR spectroscopy between nuclei that are not formally bonded. 10 For example, we observed large J couplings in naphthalenes and acenaphthenes with heavier group 16 (e.g., S, Se and Te) peri-substituents separated by four formal bonds, but at distances smaller than the sum of their van der Waals radii. [11] [12] [13] [14] [15] [16] In previous literature such couplings have been referred to (perhaps erroneously) as "throughspace" couplings. Consequently, we will also use this term to refer to couplings between atoms that are not formally bonded, but without implying the nature of the interaction. In this work, solid-state NMR spectroscopy of novel P-Se heterocycles demonstrates the presence not just of intramolecular through-space J couplings, but also of unusual through-space intermolecular couplings that direct the three-dimensional solid-state structure, and use periodic DFT calculations to understand their origin. Two novel selenium phosphorous naphthalenes (1 and 2) were prepared following an adapted route, 17-18 using tertiary phosphines under an oxygen and moisture-free atmosphere, as shown in Scheme 1. Naphtho [1,8- Se magic-angle spinning (MAS) NMR spectra, acquired at various field strengths using cross polarization (CP), are shown in Figure 1 . In each case, a significant sideband manifold is observed as a result of the chemical shift anisotropy (CSA). The positions of the isotropic centrebands (*) were determined by acquiring additional spectra at a faster MAS rate. For 1, two isotropic signals are easily distinguished, as shown in Table 1 , centred around 176 and 210 ppm at 9.4 T (5 kHz MAS), resulting from the two Se in the molecule, which are distinct as a result of the crystal packing. In contrast, for 2, a single isotropic resonance appears to be observed (at c. 278 ppm at 9.4 T). As shown in the (inset) expansions, multiplet structures are observed for the centrebands. At all fields, the centrebands for 1 show a clear doublet for the Se at 176 ppm, but what appears to be a "doublet of doublets" for the Se at 210 ppm. The doublet splitting for the Se at 176 ppm is c. 319 Hz (9.4 T), in relatively good agreement with the 1 J 31 P-77 Se couplings observed in solution.
Multiple-field measurements enable two couplings of c. 340 and c. 270 Hz, to be determined for the signal at 210 ppm. In contrast, for 2, a broadened, overlapped lineshape is seen at lower field strengths, resolving into a pattern containing two closely-spaced doublets at higher field strengths, with J couplings c. Se. The crystal structures for 1 and 2 (obtained using singlecrystal diffraction) provide insight into the origin of the NMR spectra observed. As shown in Figure 3 (and Supporting Information), in each case Figure 2. 77 Se CP MAS NMR spectra of (a) 1 and (b) 2, at 14.1 T (114.5 MHz, 12.5 kHz), with 31 P decoupling. † denotes an artifact from multiple-channel decoupling.
chains of molecules are seen, but the different size of the alkyl groups results in a different packing motif. For 1, a very short intermolecular Se2-P distance of 3.514 Å is found (notably within the sum of the van der Waals radii), while the corresponding Se1-P distance is 4.095 Å. In contrast, for 2, two more similar distances, of 4.017 Å and 3.716 Å are observed for Se1-P and Se2-P, respectively. This suggests that the CP MAS spectrum of 1 contains an additional J coupling to 31 P, which must be both "through space" and, remarkably, between different molecules, i.e., intermolecular. showing the shortest intermolecular Se-P distances. Although, as described above, through-space couplings have been observed for molecules in solution, 10 relatively few through-space J couplings have been observed in the solid state (partly as a result of the inherently broader lines obtained). A number of intramolecular couplings between peri-substituted atoms (and others similarly forced close in space) have been observed, notably for P, Se and Te, 14, [19] [20] [21] and work by Ashbrook and co-workers determined the presence of a through-space 19 F-19 F interaction in fluorinated clinohumite, 4Mg 2 SiO 4 ·Mg(F,OH) 2 . 22 However, the observation of an intermolecular through-space J coupling in a solid remains extremely unusual, if not unique. (Note intermolecular couplings via hydrogen bonds have been observed for small organic molecules. [23] [24] In order to support the conclusions of the solid-state NMR experiments, and to gain insight into the nature of the interactions observed, periodic planewave density functional theory (DFT) calculations were carried out using the CASTEP code 25 (see Supporting Information). J coupling calculations, performed at the scalarrelativistic levels of theory using the ZORA method, are given in Table 2. 26-27 ZORA was found to make a small difference to the predicted couplings, generally resulting in an increase. However, ZORA and non-relativistic calculations do predict a different order for the Se2-P through-bond and through-space couplings. For 1, two major Se2-P couplings were predicted. A through-bond coupling (i.e., to P in the same molecule) of -324.0 Hz was found, along with a 348.4 Hz throughspace coupling (i.e., to P in a neighbouring molecule). These are in reasonable quantitative agreement with the two experimental couplings, c. 340 Hz and c. 270 Hz.
Only one major Se1-P coupling was found, predicted to be -289.7 Hz (through bond), in good agreement with the single experimental coupling of c. 319 Hz. For 2, each Se site exhibited only one major coupling to P. Se1-P was predicted to be -271.6 Hz, and Se2-P was predicted to be -261.4 Hz, both in good agreement with the experimental range of 280 Hz to 290 Hz. The predicted peri-through-bond Se-Se couplings were small in both compounds, whereas large through-space Se1-Se1 couplings of 123.7 Hz and 136.3 Hz were predicted in 1 and 2, respectively. However, these are not easy to observe in solids, owing to the Se. The dominant J coupling mechanism in all the Se-P couplings was shown to be the Fermi contact interaction, indicating that although formally "through space" there is a significant electronic interaction present. 10 To investigate the pathway of the through-space couplings the coupling deformation density (CDD), 28 (see Supporting Information) was calculated, as shown in Figure 4 . The CDD demonstrates that the large Se2-P coupling in 1 proceeds by the overlap of the P and Se2 lone pairs, while the P and Se1 lone pairs do not overlap as significantly resulting in a smaller through-space coupling. In 2, both overlaps are weak and there is little observable CDD. We have demonstrated the presence of unusual throughspace J couplings in new peri-substituted naphthalenebased heterocycles. In addition to the known throughspace couplings between the peri-substituted Se atoms, intermolecular heteronuclear J couplings between 77 Se and 31 P were observed. Experimental measurements were supported by relativistic DFT calculations, which verified the presence of these through-space interactions, and provided insight into the coupling mechanism. This work adds to the range of weak interactions that can be utilized to direct structure, and may lead to unusual physical properties that can be exploited further in the future.
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